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Periodic grating patterns were created by phase shifting or eliminating vertical columns of a fine
line carrier grating oriented 45 deg. Motion was created by translating the patterns parallel to the
carrier grating. This veridical motion was seen when terminators (i) were created in low-frequency
carriers; (ii) terminated short lines; and (iii) moved slowly. In the complementary conditions an
illusory contour-motion was seen perpendicular to the orientation of the terminator-defined
contours. A model involving a competition between second-layer filters (encoding the orientation
and motions of the terminator defined contours) and double endstopped mechanisms (signaling the
presence of terminators) was developed and found to be in quantitative agreement with these data.
Experiments with plaids composed of two such patterns were generally consistent with the results of
the one-dimensional cases. Coherent “subjective contour plaid” motion was almost always seen
when the two subjective contours had the same orientation and were perfectly phase aligned.
01997 Elsevier Science Ltd. All rights reserved.
Motion Subjective contours Filtering Non-Fourier Terminators
PART I: GRATINGS
Subjective contour-s and spatial filtering
Subjective contours, such as those shown in Fig. l(C)
and (E), have been studied by visual scientists for close to
100 years. Interest in these stimuli arises from the fact
that there are no luminance gradients along the perceived
vertical contours. In other words there are no Fourier
components in the images that would convey directly the
orientation of the perceived vertical contours. Therefore,
subjective contours—and more generally, texture bound-
aries—have been considered a type of illusion (e.g.,
Gurnsey et al., 1992; von der Heydt et al., 1984; Wilson
& Richards, 1992).
To explain the perception of these subjective, illusory
or gradient free contours, mechanisms of the sort
illustrated in Fig. 2 have been proposed+- (e.g., Gurnsey
et al., 1992; von der Heydt & Peterhans, 1989; Wilson &
Richards, 1992). The mechanism shown in Fig. 2
involves three conceptual stages (although, for simplicity
only two have been shown). In the first stage (not shown),
a set of orientation and scale selective filters is applied to
“Department of Psychology,Concordia University, 7141 Sherbrooke
Street West, Montr{al,Qu&bec,Canada H4B 1R6.
~Towhomall correspondenceshouldbe addressed[Tel514-848-2243;
Email gurnsey@vax2.concordia.ca].
~Manymodels of this general sort have been proposedas accounts of
texture segmentation (e.g., Bergen & Landy, 1991; Chubb &
Landy, 1991; Grossberg, 1987; Grossberg & Mingolla, 1985;
Graham, 1991; Gurnsey & Laundry, 1992; Gurnsey & Browse,
1989; Gurnsey et al., 1996; Landy & Bergen, 1991; Malik &
Perona, 1990;Rubenstein& Sagi, 1990;Wolfson& Landy, 1995).
the input image. These responses are then rectified to
eliminate negative values. In the second stage, an
endstopping operation (shown in the middle two panels
of Fig. 2) is performed to find discontinuities in the first-
Iayer responses in a direction parallel to the orientation of
the initial filter. This operation shows a particular
sensitivity to line endings. The endstopped responses
are also rectified to eliminate negative values. In the final
stage, a second set of filters is applied to the endstopped
responses. The second-layer filters respond to collinear
endstopped responses such as occur at subjective
contours and some texture boundaries.
The first-layer filters may be identified with the
responses of simple cells in the primary visual cortex
(VI), the endstopped responses with endstopped simple
cells in VI (Kato et al., 1978; Dobbins et al., 1989) and
the second-layer filters with either complex cells in V1
(Grosof et al., 1993; Redies, 1989) or certain orientation
selective cells in V2 (von der Heydt & Peterhans, 1989;
von der Heydt et al., 1984). There are many psychophy-
sical data that also support the psychological reality of
mechanisms like that shown in Fig. 2 (e.g., Wilson &
Richards, 1992; Wilson & Mast, 1993; Gurnsey et al.,
1992).
Motion and subjective contours
The mechanism shown in Fig. 2 can be elaborated to
show directional selectivity to subjective contour mo-
tions. Directional selectivity can be accomplished
through multiplicative combination of the outputs of
two such cells which are spatially and temporally
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FIGURE 1. Three vertical contours and their Fourier power spectra.
The first row shows examples of stimuli containingvertical contours
and the second row showstheir Fourierpower spectra. The first image
(A) contains two fine lines. All of its energy lies on a horizontal line
runningthroughthe origin of the powerspectrum(B). Therefore,these
contours will elicit responses from a large number of vertically
selective filters having different frequency selectivities. (C) and (E)
depict subjective contours defined by offset gratings. It is clear from
their Fourier power spectra that these images contain no energy along
the horizontalaxis of frequencyspace and henceno vertically selective
filter would encode directly their orientations. The concentrations of
energy in these cases (D and F) reflect the orientation of the carrier
gratings (horizontal and diagonal). Notice, however, that energy in
these cases (D and F) is distributed in lines parallel to the horizontal
axis. Thus, the orientation of energy in frequency space conveys the
orientation of the subjective contour and not the locations of energy
peaks as in (B). The powerspectra of the subjectivecontoursare spatial
analogues of the non-Fourier motions discussed by Fleet & Langley
(1994).
displaced with respect to each other (e.g., Wilson et al.,
1992). There are many versions of the standard motion
energy (ME) model that could provide a basis for
directional selectivity in these second-layer filters (e.g.,
Reichardt, 1961;Adelson & Bergen, 1985;van Santen &
Sperling, 1985; Watson & Ahumada, 1985; Fleet &
Jepson, 1985).
The very large literature on so-called second-orderor,
non-Fourier motions, points to the existence of mechan-
isms that respond to motions that would be invisible to
ME units applied directly to the luminancevalues of the
stimulus (e.g., Turano & Pantle, 1989; Ledgeway &
Smith, 1994; Sperling, 1989; Chubb & Sperling, 1988;
Fleet & Langley, 1994; Wilson & Mast, 1993). The
perception of such motions (e.g., drifting contrast
modulations) is often attributed to second-layer filters
that operate on non-linear transformations of bandpass
representations of the image. In other words, the
mechanisms proposed to extract second-order motion
are essentially the same as those that would respond to
moving subjective contours; i.e., direction selective,
second-layer filters. Therefore, the physiological evi-
dence that supports the existence of mechanisms
responsive to subjective contours tends to support the
existence of mechanisms that extract second-order
motion and vice versa (Albright, 1993; Grosof et al.,
FIGURE 2. Extraction of subjective contours defined by offset
gratings. The leftmost panels (A and B) show the input images (I).
Both cases involve subjective contours defined by offset gratings. In
(A), the vertical subjective contour is perpendicular to the carrier
grating and has a duty cycle of 0.5. In (B), the subjective contour is
oriented 45 deg to the carrier grating and also has a duty cycle of 0.5.
The second column (C and D) shows endstopped responses that
emphasizethe positionsof line endings.To achievethese responsesthe
input images were convolved with filters (go,@)whose orientation
preferences corresponded to the orientation of the fine-line (carrier)
grating (go,@* I). (The insets between the first and second columns
show scaled versions of the first layer filters used.) These responses
were then half-wave rectified; i.e., only positive responses were
retained, [(gO,@*l)+]. Finally,differenceswere takenbetween a pointx
andx’that were offset by a small distanced in a directionparallel to the
orientation of the initial filter (in the cases of the first row, the offset
was in the horizontaldirection).These differenceswere also half-wave
rectified to yield IES[(gO,@* f)+]. The third column (E, F) shows the
convolutionof the endstoppedresponses (in C, D) with a second filter
[G02,@2* ES[(gm,o* Z)+]].(The insets between the second and third
columns show scaled versions of the second-layer filters used.) This
second layer of filtering makes explicit the locations of the subjective
contours. If two such responses that are offset in space and time are
combinedmultiplicatively(e.g., G.,e (x,y,t)G@,@(x+ Axy + Ay,t–At))
then the resulting mechanism would be directionally selective (e.g.,
Wilson et al., 1992).
1993; Redies, 1989; von der Heydt & Peterhans, 1989;
Zhou & Baker, 1993, 1994).
Given these considerations it is clear that when a
stimulussuch as shownin Figs 1 and 2 is moved, the one-
dimensionalmotion of the subjectivecontour (perpendi-
cular to its orientation)will be represented at relatively
low levels of the geniculostriate pathway (Vi, V2, or
MT). The response of a second-layerME unit would be
subject to the same aperture ambiguity that affects
standardME units.The principlequestionaddressedhere
concerns the conditions under which the motions of
subjectivecontours are perceptible.
Terminatorsand veridical image$OW
Stationary subjective contours are non-Fourier spatial
stimuli and by definition invisible to mechanisms that
respond to oriented luminance changes (Fig. 1). When
animated, however, they become first-order motion
stimuli. Translating the subjective contour grating in
Fig. 2(A) parallel to its carrier grating would produce a
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motion that satisfies the definition of coherent image
translation in equation (l).
Z(x,t) = Zo(x+ Vt) (1)
In this case 10 is an image at time O, x is a vector
specifying the spatial coordinatesof image points, v is a
velocity vector specifyingspeed of motion in the x andy
directionsand t is a variable indexing time. The image at
time t is just a displacementof the image at time t = O.In
cases of pure translation, all of the non-zero energy lies
on a plane in the three-dimensionalFourier domain that
contains the origin (Watson & Ahumada, 1985; Fleet &
Jepson, 1985). Therefore, ME mechanisms, which
generally detect peaks in the three-dimensionalFourier
power spectrum (van Santen & Sperling, 1985;Adelson
& Bergen, 1985; Watson & Ahumada, 1985; Fleet &
Jepson, 1985) should, in principle, be able to extract this
motion.*
Detection of the veridical image flow in such stimuli
would involve motion signals arising in the neighborh-
ood of line endings(terminators).When viewed through
even very small apertures terminators are not subject to
the aperture problem because they are true two-dimen-
sional signals; i.e., there is sufficient information within
even very small apertures to provide unique constraints
on the true velocity.Therefore,subjectivecontourswhich
involve many line endings have enough local velocity
information to determine the veridical direction of
motion (Perona & Kooi, 1990; Shimojo et al., 1989;
Lorenceau & Shiffrar, 1992; Lorenceau et al., 1993).
The question addressed in the present paper concerns
the perception of the subjectivecontoursshown in Figs 1
and 2, when the fine line carrier grating is moved in a
directionparallel to its orientation.In this case the motion
of the subjective contours and terminatorswould be put
in competition and the question addressed is: under what
conditionswill the percept of one dominate the other.
EXPERIMENT 1: TERMINATORMOTION VS
ILLUSORY CONTOUR-MOTION
The present experiment is related to that of Wilson &
Mast (1993) who showed that with relatively short
(<500 msec) viewing times, there are conditions under
which non-Fourier motion signals can dominate first-
order motion signals. We examined variants of their
stimuli that are more like classical subjective contours
*In practice we would have to ask what sorts of spatial-temporal
operators could encode this motion. At this point we simply point
out that because of the convolutiontheorem, we know that spatial
temporal energy mechanisms exist that would extract the veridical
translator motion of the stimuli containing the subjective
contours.
~Thisclaim must be qualifiedsomewhatbecause very small first-layer
ME units would respond to the rightward component of the
terminator motion. However, such a response would not be the
dominant response at this scale; the response to the veridical
direction would dominate. All local responses around the
terminators would be combined to solve the aperture problem
(perhaps through the IOC).
5.0cpd 2.5cpd 1.2cpd
FIGURE3. The stimuliused in Experiment1.There were three classes
of pattern: subjective contours, 75% White and 25?6White. For each
class of pattern there were three carrier spatial frequencies(5.0, 2.5 and
1.2c/deg). Motionwas alwayscreated by movingthe displaysdownto
the right (southeast)as indicatedby the arrow inset in the middlepanel
of the bottom row.
such as were used by von der Heydt & Peterhans (1989)
and Gurnsey et al. (1992). All the conditions of
Experiment 1 involved vertical contours defined by
alignedterminators.These contourswere alwaysoriented
45 deg to the carrier grating. In this way, it became
possibleto separate the perceived motion of the contours
from the motion of the terminators that defined the
contours.
Figure 3 shows the entire set of stimuli used in
Experiment1.The subjectivecontourconditionconsisted
of simple subjectivecontours definedby offset gratings.
All carrier ratings involved 1 pixel wide dark lines
~( = 0.6 cd/m ) on a white background ( = 71 cd/m2).The
duty cycle of the subjective contour gratings was 25%.
The 75Y0White and 25% White conditionswere created
by deleting, rather than phase shifting, columns of the
carrier grating. The wavelengths of the carrier grating
were 6, 12 and 25 pixels which, when viewed from a
distanceof 57 cm, translatedinto spatialfrequenciesof 5,
2.5 and 1.2 c/deg, respectively. In all cases the wave-
length of the vertical contours was 60 pixels, which,
when viewed from 57 cm translated into a spatial
frequency of about 0.5 cfdeg.
Stimuli were always translated down to the right
(southeast)at speedsof 1,2,4 or 8 deghec. Because this
direction of motion may be considered to be carried
unambiguously by the motions of the line endings we
adopt the convention of referring to this as terminator
motion.
If rightwardmotionwere seen in the subjectivecontour
stimuli it would have to be in virtue of second-layer
mechanisms such as those shown in Fig. 2 because the
subjective contour stimuli would not stimulate classical
ME units selective for rightward motion.~Both the 75%
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White and 25% White conditions would stimulate
classical ME units and the strength of the stimulation
would increase with the carrier spatial frequency. The
75% White and 25% White conditionswould also engage
the same second-layer mechanisms that respond to the
subjectivecontour stimuli. In all cases, however, the true
direction of image flow is carried unambiguouslyby the
terminators. Therefore, motion seen straight to the right
(perpendicularto the vertical contour)would be illusory.
We refer to this as illusory contour-motion.
Method
Subjects. The two authors and two psychology
graduate students served as subjects. The graduate
students were familiar with the procedure but had not
been previouslyexposed to the stimuliused here and had
no expectations about possible outcomes. All subjects
reported normal or corrected to normal vision.
Apparatus. All aspects of stimulus presentation and
data collection were under the control of an Apple
Quadra 950 computer. Stimuli were presented on a 13
inch colour monitor having a resolution of 640 pixels
(horizontal)by 480 pixels (vertical) and a refresh rate of
67 Hz. Pixel width was approximately 0.28 mm. The
same apparatus was used in all experiments reported in
this paper.
Procedure. Subjectswere seated approximately57 cm
from the screen. During 15 sec presentations of each
stimulus subjects fixated a small (5 pixel diameter)point
in the middle of the screen and pressed predetermined
keys to indicate whether they were perceiving the
veridical terminator motion (T) or contour motion (C)
straight to the right. The relative salience of these two
percepts could be expressed as a ratio, C/(C + T),
representing the proportion of time that subjects
experienced contour motion relative to the total time
that either contouror terminatormotionwas experienced.
(This methodology was adapted from von Griinau &
Dub6, 1993.) Examples of the displays were presented
prior to the experiment proper and subjects had no
difficultyin making this binary classification.
At the beginningof each trial an auditorycue indicated
that the display had been prepared and subjects initiated
the trial by pushing any key on the keyboard.Each of the
36 stimuli (3 spatial displaysx 3 carrier spatial frequen-
cies x 4 velocities)were presentedfour times in a random
order. Therefore, 60 sec of responding were recorded
from each subject for each of the 36 stimuli for a total of
36 min of data per subject.
Results
The left panel of Fig. 4 summarizes the carrier
frequency by terminator speed interactionof Experiment
1. There is a relatively simple relationship between
terminator speed and carrier frequency governing the
perceptionof illusoryrightwardmotion.For a fixedspeed
illusory rightward motion increases with carrier spatial
frequency and for a fixed carrier frequency illusory
rightward motion increases with terminator speed.
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FIGURE4. The left panel shows the interaction of carrier frequency
and terminator velocity averaged over the three conditions of
Experiment 1. Triangles, open circles and filled circles represent
carrier frequencies of 5.0, 2.5 and 1.2c/deg, respectively. The right
panel shows the interaction of contour type and terminator velocity
collapsed over carrier spatial frequency. Triangles, open circles and
filledcircles represent subjectivecontours,75%White and 25%White
conditions, respectively. In this and all subsequentdata figures, error
bars indicate f 1 SEM.
The right panel of Fig. 4 shows the contour type by
terminator speed interaction. There is a remarkable
similaritybetween the resultsfrom the subjectivecontour
and 75T0White condition. The 25~oWhite condition is
different from the two others in that it elicits the illusory
motion percept more easily.
Figure 5 presents the contour type by carrier spatial
frequency by terminator speed interaction. For each
conditionit is clear that the illusory motion is seen more
often as carrier frequency and terminator speed increase.
And, for most carrier frequencies and terminator speeds,
the illusion is greater for the 25?koWhite condition than
for the other two.
Discussion
Veridical image flow is seen at slow speeds and low
carrier frequencies, whereas the illusory rightward
motion is more likely to be seen at faster speeds and
higher carrier spatial frequencies. The spatial frequency
effect may indicate that (i) responses to the terminators
are attenuated at high frequencies; (ii) the responses to
the vertical contours are enhanced at high carrier
frequencies; or (iii) both. From the model developed
below we conclude that the spatial frequency effect is
mainly due to enhanced responses of the second-layer
filters as the carrier spatial frequency increases. The
speed effect may indicate that (i) responses to the
terminators are attenuated at high speeds; (ii) the
responses to the vertical contours are enhanced at high
speeds; or (iii) both. Considering that the mechanisms
encoding terminator motion are likely to have smaller
receptive fields than those encoding the contour motion
and that smaller receptive fields would be less able to
encodehigh speeds it would seem that the speed effect is
due to both decreased sensitivity to terminator motion
and increased sensitivity to contour motion at high
speeds. We return to a discussion of these points in the
“General Discussion”section below.
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FIGURE5.The results of Experiment1. The carrier frequencyby terrpinatorspeed interactionis shownfor each of the display
types (subjectivecontours,75% White and 25%White). Filled triangles, open circles and filled circles represent carrier spatial
frequencies of 5.0, 2.5 and 1.2c/deg, respectively. In the middle panel, the results of the subjective contour condition are
overlaid (small symbols connectedby dashed lines) to emphasize the similarity of the two conditions.
Two additionalpoints shouldbe made. First, the centre
panel of Fig. 5 shows the striking similarityof the results
from the subjective contour and 75% White condition.
These two kinds of vertical contours differ in the
availability of rightward-moving Fourier components;
they are present in the 75% White condition (and 25%
White condition) but not in the subjectivecontours. The
amplitudes of these Fourier components in the 7570
White condition increase as the carrier frequency
increases and from this point alone it might be expected
that the responses to the low frequency Fourier
components would overtake those elicited by the
terminators, thus explaining the increased perception of
rightward movement with increased carrier frequency.
However, there is no correspondingrole for these Fourier
components in the subjective contour condition and yet
virtually identical results were obtained. This might
suggest that the tendency to see rightwardmotion in both
cases was due to the involvement of directionally
selective second-layer filters and that there is no
contribution from ME units operating directly on the
image in either the 75% or 2570White cases.
The second point to note is that the subjectivecontour
and 75V0 White conditions produce indistinguishable
results and differ from the 25$Z0White condition,which is
overall more likely to elicit a percept of illusory
rightward motion (see Fig. 4). Therefore, illusorymotion
is seen less often when short lines are present than when
only the long lines are present, suggesting the involve-
ment of length selective mechanisms; e.g., double
endstopped cells. This point is developed further in the
“Model” section below.
As a finalpoint,we note that the present results are not
related in a simple way to the frequency content of the
stimuli. It is not the case that the Fourierpower spectraof
the subjective contours and 7590 White conditions are
similar to each other and differ from the 2590condition.
,.
,’
Figure 6 shows the three stimuli
respective Fourier power spectra.
A MODEL
Overview
in question and their
In the Introductionwe reviewed a number of conver-
ging lines of evidence that supported the existence of
second-layer filters. From a signal processing point of
view, second-layerfilters are required to account for the
perceptionof stimuli that would not engage classicalME
units.Froma functionalpointof view they can be thought
of as coincidence detectors and would be particularly
useful in signaling occlusions. If a textured surface
having an orientedmicrostructureis occludedby another
FIGURE 6. Frequency analysis of the stimuli used in Experiment 1.
The subjectivecontourand 75%White conditionsyieldedvery similar
results, which were distinct from the results of the 25’%White
condition. There is no obvious parallel to these results in the power
spectra of the stimuli.
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surface, then the image of this occlusion edge will
contain many line endings. The length of the occluded
“lines” would be irrelevant because lines of many
different lengths would co-terminate at the same occlu-
sion edge. The mechanism described in Fig. 2 would be
well suited to encode this sort of event. Because the
observer moves and objects move, it would make sense
for “occlusion encoders” to be direction selective.
Although terminatorsmay play a critical role in image
segmentation,in particular in the detectionof occlusions,
they may also play a role in processes that require
accurate local velocity estimates, including surface
recovery (e.g., Horn & Shunk, 1981) and optic flow
algorithms (Fleet, 1992). Obviously, terminators and
other small structures would convey accurate velocity
information because they move unambiguously (Hil-
dreth, 1984). One way to distinguishterminator motions
that arise because of occlusionfrom those that arise from
surface motion is to determine if the terminatoris part of
a small object that is moving. A doubly endstopped
mechanism would be well suited to signaling the
presence of oriented structures that cover a small spatial
extent. Whether or not doubly endstopped cells partici-
pate in the velocity computationsconcerningthe moving
terminators, they could certainly be involved in deter-
mining the probability that the terminator motion is due
to the motion of a surface or the motion of an occlusion
edge.
We propose that the magnitude of response of the
double endstopped mechanism is related to the strength
of the internal representation of the veridical terminator
motion and that the magnitude of the second-layerfilter
response (which draws its input from single endstopped
mechanisms) is related to the strength of the internal
representation of the illusory contour-motion (in the
cases of the 75Y0and 251%0White conditionsthe contour
is not illusory,but perceived rightwardmotion is illusory
because it is not the true image flow direction). In the
following sectionswe develop a model in which the two
mechanisms are assumed to be engaged simultaneously
by stimuli of the sort used in Experiment 1, and their
relative activities determine the probability of seeing
terminator motion or illusory contour-motion.
Two mechanismssufice to explain terminatorvs illuso~
contour-motion
If SL represents the responseof a second-layerfilter to
the motion of aligned terminators and T represents the
response to the veridical motion of the terminators, then
SL/T should determine the probability of seeing illusory
contour-motion [i.e., C/(C + ~]. Because SLIT is un-
bounded it must be related to the dependentmeasure in a
non-linear way; i.e., $:SL/T + [0, 1], where @ is a
compressive nonlinearity that maps SL/T to the unit
interval.
SL and T are in fact functions of spatial frequency (k)
and terminator speed (s) (see Fig. 4, left panel).
Considering first carrier spatial frequency, it may be
assumed that SL(k)/T(k) is a monotonically increasing
function of k [in the simplest case SL(k)/T(k) is linear].
The effect of speed may be considered a scaling of the
spatial responses. If SLo(k)/To(k)represents the relative
responsesof the two mechanismsto a stationarystimulus
(for a given carrier spatial frequency, k) then
SL,(k)/T,(k) = a,SLo(k)/TO(k) (2)
represents the response at terminator speed s. This may
result from an increased SL response as the terminator
speed increases (while T remains unchanged) or a
decreased T response (while SL remains unchanged).
There are three points that need to be explained in the
results of Experiment 1; these are (i) the effect of the
contour type (in the right panel of Fig. 4 it is clear that
SLIT is greater at each speed in the 25% White condition
than in the 7590Whiteconditionor the subjectivecontour
condition); (ii) the carrier spatial frequency effect; and
(iii) the speed effect. These three effects can be explained
by the relative activities of two mechanisms whose
responses change as a function of carrier spatial
frequency, terminatorspeed and contour type.
Enaktoppingand second-layerjilters
Endstopping mechanisms. The present account makes
the conventional assumption that the image is initially
decomposedvia the applicationof a set of orientationand
scale selectivefilters.The initial filterswere differenceof
offset Gaussians (Young, 1985; Malik & Perona, 1990).
Each Gaussian component had a spread (o) of about
0.056 deg along the minor axis (which means that
f 30 deg extended0.333 deg of visual angle) and 3a deg
along the major axis. The two flanking Gaussians were
offset t o deg along the minor axis. A weighted sum
(–1, 2, –1) of the three Gaussiansyielded an orientation
selective filter. Three different orientations were used;
horizontal and *45 deg from horizontal. (Two of these
three filters are shown in Fig. 2).
An image was convolvedwith each of the three filters
and the resulting convolutionswere half-wave rectified;
only the positivepart of the response (R+) was retained.
Single endstopped responses were calculated by taking
the difference between two of the resulting responses
offset by 60 deg in a direction parallel to the original
filter’s long axis (see Fig. 2 and Gurnsey et al., 1992).
Double endstoppedresponseswere calculated by taking
the difference at a point with points ~ 60 deg in a
direction parallel to the original filter’s long axis. The
endstoppedresponseswere also half-wave rectified(R+).
This model is in qualitative agreement with existing
literature on endstopping (e.g., Kato et al., 1978),
especially with the known orientation selectivity of the
suppressiveend zones.
A second-layer jilter. All second-layer filters were
vertically oriented. They were applied to the half-wave
rectified single endstopped responses to localize the
contours defined by aligned terminators. Vertical filters
were used because in all simulationsthe contoursdefined
by aligned terminators were vertical. The second-layer
filter was a difference of two offset vertical Gaussians
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FIGURE 7. The left panel shows the responses of the three double
endstoppedfilters to the subjective contour stimuli of Experiment 1.
Triangles, open and tilled circles indicate the responsesof filters tuned
to the carrier grating and 45 and 90 deg away from the carrier
orientation, respectively. Clearly the largest response is elicited from
the filter tuned to the carrier grating (triangles). It is also importantto
note that the endstoppedmechanismtunedto the carrier gratinggives a
constant responseover a wide range of carrier frequenciesanddeclines
only at the highest frequencies.The right panel showsthe responsesof
the second-layer filters to the same stimuli. Again, the largest
responses come from filters that draw their input from first-layer
filters that are tuned to the orientationof the carrier grating (triangles).
Unlike the double-endstoppedresponses in the left panel, the second-
layer filter respondingto the orientationof the carrier grating does not
show a constant response at low carrier frequencies. Rather, responses
increase as a function of frequency up to a point and then begin to
decrease.
exactly as in Fig. 2. The componentGaussianswere three
times the size of those in the first-layerfilters.
Computationalexperiments
The mechanismsjust describedwere applied to images
having the same spatial structure as those used in
Experiment 1; i.e., the subjective contours and the 25%
Endstopped Responses
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White and 75% White conditionswith carrier frequencies
rangingfrom about0.8 to 10 c/deg.The responsesof both
first- and second-layerfilterswere periodic because both
were elicited by periodic structures(carriers and vertical
contours defined by aligned terminators). The peak
responses of the double endstopped mechanism and the
second-layerfilterswere assumedto be the representation
upon which classificationswere made.
~or both mechanismsthe largest responsesby far came
from first-layer filters tuned to the orientation of the
carrier grating (see Fig. 7). Therefore, in subsequent
analyses only these filters are considered.
Figure 8 illustratesthe relationshipbetween the double
endstoppedand second-layerresponses to the conditions
of Experiment 1. It is clear from the left panel that the
double endstopped responses are identical for the
subjective contour condition and the 7570White condi-
tion, and these responsesare abouttwice thoseof the 25%
White condition.The centre panel showsthat the second-
layer responses are essentially the same for all three
conditions. (Note that a threshold was used in the
computationof the second-layerresponses.The threshold
embodied the assumptionthat the second-layermechan-
ism would not respond to a single line ending.) The left
and centre panels represent a central claim of the model,
which is that all three stimulus conditions elicit similar
responsesfrom the second-layerfilters(centre panel) and
differ only in the responses they elicit from the double
endstoppedmechanism (left panel).
The right panel of Fig. 8 shows the ratio of the second-
Iayer responses [earlier referred to as SL(k)] and the
double endstoppedresponses [earlier referred to as T(k)]
for the three conditionsof Experiment 1. Two points are
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FIGURE8. The left panel showsthe maximumdouble-endstoppedresponsesfor the conditionsof Experiment1 as a functionof
carrier spatial frequency.Triangles, open and filled circles represent the responsesof the double-endstoppedmechanismto the
subjective contours,the 75’%White and 25Y0White conditions,respectively.Double-endstoppedresponsesare constant at low
carrier frequencies and drop at the highest frequencies. The responses in the subjective contour and the 75~o duty cycle
conditionsare identical (opencircles obscure the triangles) and twice as high as those in the 25~o condition(filled circles). The
centre panel shows the maximumresponses of the second-layerfilters for the same three conditions, as a function of carrier
spatial frequency.For this functiona thresholdwas usedwhichwas determinedby the responseof the second-layermechanism
to a single line ending.The same thresholdwas used in all three cases. Note that all three curves have virtually identical forms.
Thus, it is argued that all three contour types elicit the same responsesfrom the second-layerfilters. The right panel showsthe
ratios of the second-layer response and double-endstoppedresponse for each of the three conditions, as a function of carrier
spatial frequency; i.e., Sf..(k)ff(k).Also shownare the best linear fits, each of which accounts for at least 9390of the variability
in the functions. The functions describing SW/T(k) arevirtuallyidenticalfor the Subjective Contour and 75% White
conditions and half as steep as that for the 2570White condition.
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FIGURE 9. The three panels replot the data of Fig. 5 and superimposefitted data described in the text. Triangles, circles and
diamonds represent carrier spatial frequencies of 5.0, 2.5 and 1.2c/deg, respectively. Open symbols indicate psychophysical
data and closed symbols indicate simulated data.
clear. First, all three functions are essentially linear. In
fact, linear trends account for more than 9370 of the
variability in all three functions.Second, the slope of the
25% White function is twice that of the two others,
indicatingthat the vertical contourshouldbe more salient
in this condition than in the 75Y0White condition and
subjective contour conditions.
The results of the computations yielded the relative
responses of what were earlier described as the SLO(k)
and To(k)in equation(2); i.e., the relativeresponsesof the
SL and T to static displaysas a function of carrier spatial
frequency. What remains to be found is a single set of
weights (the IX,from equation(2) representingthe change
in relativesensitivityof the two mechanismsas a function
of speed) and a single nonlinearity(to map from ratios in
[0, m] to the unit interval [0, 1) that best fit the data of
Experiment 1. The weights and non-linearity found for
one conditionshould apply equallywell to all conditions
if the same two mechanisms mediate a subject’s
responses in all cases. Therefore, a least squares data
fittingprocedurewas applied to the 75% White condition
of Experiment 1. The best fit to this conditionwas found
using a Logistic function (the only non-linear function
that we examined)with a slope (~) of about2 and a mean
(a) (i.e., value of 0.5) of 1. The best fitting weights,
expressed in relative terms, for speeds of 1, 2, 4 and
8 deg/sec were 0.222, 0.335, 0.617 and 1.00, respec-
tively. These parameters were then applied to the best
fitting lines obtained for the SLo(k)/To(k)functionsin the
other two conditionsto predictperformance.We consider
the results, shown in Fig. 9, to be acceptable.
Summary
It was proposed that two mechanisms mediated
subjects’ responses in Experiment 1. One proposed
mechanism responded to contours defined by aligned
terminators (second-layer filter, SL) and the other was a
double endstopped mechanism (T). Computationalver-
sions of the mechanismswere developed and the ratio of
their responses was calculated at many carrier frequen-
cies for the conditions of Experiment 1. One of these
functions (SLo(k)/To(k))was used to find the best fitting
non-linearity and speed weights. The speed weights
describe how the relative salience of the two spatial
responses changes as a function of terminator speed.
These were then applied to the remaining conditions to
generate simulated responses,with good results.
PART II: PLAIDS
Figure 10providesan illustrationof two superimposed
subjective contour gratings; i.e., subjective contour
plaids. Each component of the plaid comprises a carrier
grating oriented 45 deg (or –45 deg) from vertical and a
subjectivecontourgrating(with 25?Z0duty cycle) oriented
perpendicular to the carrier grating. The componentsare
moved independentlyin a directionparallel to the carrier
orientation(as indicatedby the arrows in Fig. 10). Given
that there are conditions under which illusory contour
motionsdominateveridical terminatormotions, a natural
questionto ask is whether two movingsubjectivecontour
gratings can be integrated to yield a percept of coherent
imagemotion in the sameway as their luminancedomain
counterparts? That is, because second-layer ME units
would be subject to the same aperture ambiguity as
classical ME units then there shouldbe conditionsunder
which the two ambiguous component motions integrate
to yield a percept of coherent downward motion.
EXPERIMENT2
In Experiment 2A subjective contour gratings were
created, as in Fig. 1O(A,B) by phase-shiftingcolumnsof
a fine-line carrier grating by half a cycle. Subjective
contour plaids were created as in Fig. 1O(C)by super-
imposingtwo subjectivecontourgratings(see Fig. 11).In
Experiment 2B, columns of the fine-linecarrier gratings
were eliminated rather than displaced (Fig. 12), thus
introducinglow frequencyFourier componentsthat were
not present in the subjective contour gratings (see
Experiment 1).
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FIGURE 10. The construction of a Subjective Contour Plaid. In t@ example, the plaid was composed of two subjective
contours whose carrier gratings differed in orientation by 90 deg. The subjective contours were also oriented 90 deg to each
other. Motion was created by moving the carrier gratings in a ditection parallel to their orientations; i.e., southeast and
southwest.It is critical to note that the right panel is just oneframe of m animatedsequence.The two constituentgratingsmove
independentlyand, therefore, the structureof the plaid changesfrom tkameto frame. Any apparentstructure in the frame shown
will disappear in frames that follow it.
Method
Subjects and apparatus. Subjects in Experiment 2A
included the two authors and three psychologygraduate
students from Concordia University. In Experiment 2B
the authors and two psychologygraduate studentsserved
as subjects. In both cases, the graduate students were
familiar with the procedure but had not been previously
exposed to the stimuliused here and had no expectations
about possibleoutcomes.All subjectsreported normal or
corrected to normal vision. The apparatuswas exactly as
described in Experiment 1.
Experiment 2A. There were three conditions in
Experiment2A. In all cases the two superimposedcarrier
gratings (1 pixel wide black lines = 0.6 cd/m2on a white
ba~kground=71 cd/m2) were oriented *45 deg from
vetiical and motionwas created by moving the carriers in
a direction parallel to their orientation (southeast and
southwest). The spatial frequency of the carriers was
1.2 cldeg in conditions 1 and 2 and 3.75 c/deg in
condition 3. The spatial frequency of the two subjective
contours was 0.5 cldeg in conditions 1 and 2 and 0.625
c/deg in condition3. In conditions1 and 3 the subjective
contours were oriented f 45 deg from vertical and in
condition2 they were oriented f 67.5 deg from vertical.
All stimuli were presented in a circular aperture that
subtended12 deg visualangle. In one case the columnsof
the fine line carrier gratings were of equal width; i.e.,
each column constituted50% of the subjectivecontour’s
Condition 1 Condition 2 Condition 3
FIGURE 11. The stimuli used in Experiment2A. In condition 1 the carrier gratingswere oriented +45 deg from vertical and
subjective contours were orthogonal to their carriers. The carrier spatial frequency was 1.2c/deg and the subjective contour
spatial frequency was 0.5 c/deg. Condition2 was the same as condition 1, except that the subjective contours were oriented
t 67.5 deg from vertical. Condition3 was the same as condition 1 except that the carrier spatial frequencywas 3.75 c/deg and
the subjective contour spatial frequencieswere 0.625c/deg. In all conditionsshownhere the subjective contourswere defined
by alternatingcolumnsof offset gratings.The narrowercolumnswere one-thirdas wide as the widercolumns.This is referred to
as the 25/75condition,because in one cycle of the subjectivecontourgrating,the narrowbars are 25%of the dutycycle and the
wide bars are 75’%of the duty cycle. For each of the three conditionsa 50/50 version was also run.
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FIGURE12.The stimuliused in Experiment2B.The stimuliwere similar in nature to thoseusedin Experiment2A,condition1,
except that columns of the carrier ~atings were eliminated rather than displaced.There were three carrier spatial frequencies
(5.0, 2.5 and 1.2c/deg) and two duty cycles (75% White and 25% White) of the constituent, low-frequencygratings.
duty cycle. In a second case, one column had a width of Experiment 2B. In Experiment 2B the stimuli were
25% of a cycle and the other had a width of 75% of a adaptedfrom thoseused in Experiment 1. In one case the
cycle (e.g., Fig. 10). These conditions are referred to as wide part of the 25/75 subjective contour grating was
the 50/50 and 25/75 cases, respectively.Each of the three removed (75% White) and in the other case the narrow
conditions (Fig. 11) was tested with subjectivecontours part of the subjectivecontourgrating was removed (25%
having the 50/50 and 25/75 duty cycles. White). As a result, the stimuli comprisedsuperimposed,
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FIGURE 13. Results of Experiments 2A and 2B. The left parxtl summarizes the results of Experiment 2A. In virtually all
conditions the subjective contours failed to integrate. All data, except for the two open triangles, come from the 25/75
conditions.Filled triangles representcondition1, opencircles representcondition2 andfilled circles represent condition3. The
50/50 conditionswere essentially the same, except for the two open triangles which represent condition3 at the two slowest
speeds. The middle and right panels represent the results of Experiment2B. Triangles, open circles and filled circles represent
carrier frequencies of 5.o, 2.5 and 1.2 c/deg, respectively. The centre and left panels show the interaction of carrier sPatial
frequency and terminator velocity for the 75% White and 25% White conditions,respectively.
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left and right oblique fine-line carrier gratings that were
orthogonal to the “low-frequency” gratings that they
formed. The carrier gratingshad spatial frequenciesof 5,
2.5 and 1.2 c/deg.Figure 12showsthe six spatialdisplays
(2 white bar widthsx 3 carrier spatialfrequencies)used in
Experiment 2B.
Motion was created through colour table animation.
The two components were logically ORed rather than
added; that is, a pixel was black if one or both of the two
carriers was black at that point.* For all conditions
(except condition 3 of Experiment 2A) the terminator
speedswere 1, 2, 3, 4,5 and 6 deglsecand for condition3
the terminator speedswere 0.625, 1.25, 1.875,2.5,3.125
and 3.75 degJsec.
Procedure. The procedure was essentially the same as
in Experiment 1. During 15 sec viewing episodes in
which various plaid patterns were presented, subjects
fixated on a small dot and pushed one of two preselected
keys to indicatewhether they were experiencingcoherent
downward motion (C) or incoherent motion (I) in which
the two gratings were seen to slide over each other.
(Subjectshad been previouslyfamiliarizedwith coherent
and incoherentplaids comprisingsquare-wavegratings.)
In Experiment 2A each of the 36 stimuli (3
conditionsx 2 duty cycles x 6 speeds) was presented 10
times for a total of 10x 15 = 150 sec of responding per
stimulus. In Experiment 2B, each of the 36 stimuli (3
contour typesx two duty cycles x 6 speeds) was pre-
sented four times in a random order for a total 4 x
15 = .60sec of responding pe~ stimulus. Subjects were
encouraged to take breaks whenever they felt fatigued.
*The intersections of the carriers present a problem because their
intensities are determined by the specific values of the individual
carriers at a particular point. The numberof unique intersections in
the display is dependent on the interline separation (spatial
frequency) of the carrier grating, the wavelengthof the subjective
contour and the size of the display, and may exceed the numberof
available entries (256) in the CLUT. Therefore, during the
construction of a display, CLUT entries were reserved for the
non-intersection and intersection values separately. Therefore,
when an intersection is encountered in the construction of the
stimulus, a new CLUT value is required only if that particular
intersection of carriers had not been previously encountered. In
condition 1 all intersections were assigned. In conditions2 and 3,
however, some intersections remained unfilled. In these cases the
intersection was “owned” by one carrier or the other. Therefore,
there were times when line segments were missing single pixels.
This seems to have had no perceptual consequence.
TThereare physiologicaldata to suggestthat cells in V1 andV2 encode
properties of subjective contours (von der Heydt & Peterhans,
1989; Grosof et al., 1993). It is important that these cells also
respond10 the one-dimensionalmotions of sine and square-wave
gratings of similar orientation (von der Heydt & Peterhans, 1989;
Grosofet a[., 1993).The connectionsfrom V1 and V2 to MT—the
first area in which cells show a sensitivity to the motion of plaid
stimuli rather than the components of the plaid (Movshonet al.,
1985)--presumably carry informationfromthose cells that respond
to subjective contours. In both cases, due to univariance, cells in
MT that employ these signals will not have access to the nature of
the stimuli that elicited them. Therefore, if MT integrates motion
information from VI and V2, then any motion signals that elicit
responses from direction selective motion energy units in VI and
V2 should be candidates for integration (see Wilson & Kim, 1994
for positive evidence in this regard).
Results
The dependentmeasure for both Experiments 2A and
2B ,was C/(C +Z). The data from Experiment 2A are
summarizedin the left panel of Fig. 13.The resultsfor the
50/50 and 25/75 conditions were indistinguishable
(ex$ept for two points noted in the figure caption) so
only results from the 25/75 condition are depicted. In
general, the subjectivecontourplaids did not integrate to
pro~uce coherent downward motion. Only at the slowest
motionsand for the highercarrier frequency(condition3)
we~ there any reports of coherent downward motion.
Th~se results are opposite to tIiose of Experiment 1 in
which illusory contour-motion was never seen at slow
velocities. In answer to the question originally posed
then, subjective contours defined by offset gratings
cannot be integrated to yield coherent motion.
The results of Experiment 2B are summarized in the
centre and right panels of Fig. 13. There are striking
differences between the two panels. For the 75% White
conditionthe componentgratingsnever integrated at any
carrier frequency or terminator velocity. Therefore, the
75% White conditionsare very much like the subjective
contour conditions in the left panel. For the 2570White
condition, in contrast, there is a speed dependency and a
carrier spatial frequency dependency. At low carrier
frequencies(1.2 c/deg) the two gratingsnever integrated.
At high carrier frequencies (5 c/deg) they always
integrated. At intermediate carrier frequencies (2.5
c/@g),thegratingsintegrated at low terminator speeds
but became incoherentas the terminatorspeed increased.
Discussion
Experiment 2A. Although the architecture appears to
be in place within the visual system to integrate the
motions of subjective contours,~ such integration does
not generally occur. It would seem that the unambiguous
motion signalsarisingfrom the terminatorsare somehow
more salient than the signals arising from the translating
subjectivecontours that they define.
It is interesting that conditions 1 and 2 of Experiment
2A yielded identicalresults. If the direction of motion of
a subjective contour is taken to be perpendicular to its
oritmtationthen therewas a 90 deg directiondifference in
condition 1 and only a 45 deg direction difference in
condition2. Kim & Wilson (1993) found that integration
is more likely when there is a small direction difference
between the component gratings (see Experiment 3
below). That effect was not observed in the present study
of subjective contour plaids. (In Experiment 4 we
examine the possibility that even smaller direction
differences between components could lead to integra-
tion.)
The only cases in which there were relatively frequent
reportsof coherentmotion involvedstimuliwhose carrier
gratings had a rather high spatial frequency (3.75 c/deg)
movingvery slowly (0.625 deg/see). In fact, at such slow
speeds illusory contour-motion was never reported in
Experiment 1. Therefore, it is clear that the perceptionof
coherence in these cases does not arise by virtue of the
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FIGURE14.Frequencyanalysisof the stimuliused in Experiments2A
and B. (A, C, E) show rotated (45 deg) versions of the stimuli of
Experiments2A and B and (B, D, F) showtheir respective,normalized
Fourier power spectra. The stimuli shown in (A) and (C) produced
indistinguishable psychophysical results, in spite of having quite
different power spectra. There is nothing in the power spectra to
explain the similar results of the subjective contour and 75% White
condition and why these differ from the 25~oWhite condition.
operationsof the mechanismsused to explain the results
of Experiment 1. It may be that involuntary attentional
tracking was somehow involved in the reports of
coherence in these conditions.
Experiment 2B. The results of the subjective contour
condition of Experiment 2A and the 7590conditions of
Experiment 2B were very similar in spite of differences
in their spatial frequency composition (Fig. 14). Sub-
jective contourshave no Fouriercomponentsthat convey
directly their orientations (see Fig. 1). Figure 14(A)
showsa subjectivecontourplaid and Fig. 14(B)showsits
Fourierpower spectrum.(The plaids in Fig. 14 are 45 deg
rotations of the stimuli used in Experiment 2. This
difference is of no consequence to the present discus-
sion.) Power along the horizontaland vertical axes arises
from the carrier gratings and not from the subjective
contours themselves. The orientations of the subjective
contours are encoded in the orientationof lines of power
in the frequency domain (Fleet & Langley, 1994).Figure
14(C)shows a 75% White plaid and Fig. 14(D)its power
spectrum. Note that at the origin of Fig. 14(D) there is
power along the horizontal and vertical axes [in contrast
to Fig. 14(B)]. Oriented power around the origin reflects
low frequency horizontal and vertical Fourier compo-
nents in the display. As the frequency of the carrier
grating increases, the contrast of the low frequency
Fourier components increases. In spite of these differ-
ences, the subjectivecontours of Experiment 2A and the
75% White contours of Experiment 2B yielded identical
results. This would suggest that there is some feature
common to both that vetoes integration.
Unlike the subjective contours of Experiment 2A and
the 75% White stimuliof Experiment2B, the 25% White
stimuli of Experiment 2B showed a dependenceon both
carrier frequency and terminator speed. Figure 14(F)
shows the power spectrum corresponding to the 25%
White condition.In this case there is also power along the
horizontal and vertical axes near the origin, indicating
that again there are low frequency,horizontaland vertical
componentsin the image.
However, the power spectrumdoes not seem to convey
directly anything that would explain the similarity
between the subjective contour and 75% White condi-
tions and their difference from the 25% White condition.
The results of Experiments 2A and B are in general
agreement with those of Experiment 1, in that the
presence of short moving lines (as in the subjective
contour and 7570 White conditions) is a critical
determinant of whether integration will occur; when
present, integration virtually never occurs. The class of
doublyendstoppedcells optimallytuned to the short lines
in the subjective contour and 7590 White conditions
would respond less vigorously in the 25Y0 White
condition. If, as suggested earlier, signals arising from
short line segments are identified with surfaces rather
than occlusion boundaries, then activity in two distinct
sets of such responseswould create an incommensurable
situationand integrationwould not be expected to occur.
Therefore, the reasoning that led to the proposed
association between double endstopped responses and
surfaces is further supportedby the present results.
EXPERIMENT3: PLAIDS COMPRISING
RECTANGULAR-WAVEGRATINGS
It might be argued that the results of Experiment 2 do
not reflect a sensitivity to line length per se. If the fine
line detail of the stimuli in Fig. 12 is ignored then the
25% White and 75% White conditionscan be considered
rectangular-wave gratings that are polarity reversed
versions of each other. It needs to be shown, therefore,
that polarity reversal with conventional plaids compris-
ing rectangular waves does not have the same effect as
line length in Experiment 2B.
This consideration was addressed in Experiment 3
using high-contrast rectangular-wave gratings added
together to form plaids; in one conditiontwo 25% White
gratings were added together and in the other two 75%
White gratings were added together. The orientationsof
the two components were symmetrically placed about
vertical by ~ 11.25, -122.5, t33.75, t45, t56.25,
~ 67.5 and t 78.75 deg. When animated, the compo-
nents drifted in directions that differed by 157.5, 135.0,
112.5, 90.0, 67.5, 45.0, or 22.5 deg. The direction
difference manipulationwas used to determine if under
any conditions there would be a duty cycle effect that
mimicked that of Experiment 2B.
Method
$ubjects. The subjects were seven undergraduate
volunteers enrolled in a Perception Lab course at
Concordia University. All subjects reported normal or
corrected to normal vision. None had had any prior
experience in this type of experiment and had no
knowledge of its objectives.
—
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FIGURE 15. Summary of the results of Experiment 3. The effect of
duty cycle on the coherence ratio is expressed as a function of the
direction difference between the rectangular-wavegratingscomposing
the plaids. Open circles represent the 75% White conditionand filled
triangles represent the 25% White condition.
Displays. All stimuli were presented in a 12 deg
aperture. The rectangular-wave gratings had a spatial
frequency of 0.5 c/deg and drifted at 2 deg/sec. There
were 14 display types (seven direction differencesx two
duty cycles). Each display was presented for 15 sec and
subjects classified their responses as coherent or
incoherent. There were five replications of each display
for a total of 120 trials.
Procedure. The procedurewas similar in most respects
to Experiment2 and differed only in the stimuliused and
the number of trials presented.
Results
The dependent measure was again a coherence ratio;
C/(C + Z).High values indicatecoherenceand low values
indicate transparent sliding. The results are summarized
in Fig. 15. The first obvious result is that coherence
decreases as the direction difference between the
components increases. At 22.5 deg direction difference
the gratings are always seen to cohere and at 157 deg
direction difference they never cohere. This result
replicates earlier findingsby Kim & Wilson (1993) that
*Farid& Simoncelli(1994)andFaridet al. (1995)havearguedthat the
speed of the IOC solution is more important to coherence than
direction difference per se. In the present experiment the
component speeds were held constant so that the resultant speed
increasedwith increaseddirectiondifferences.Therefore,Faridand
Simoncelli would attribute the direction difference effect to speed
differences. This is not critical in the present context, in which we
are looking for duty cycle related effects across a range of
conditions knownto differ in their tendencies to be bistable.
co~erence is very much dependent on direction differ-
enc~s.* The second point is that coherence is slightly
higher when the brighter regions are wide and the darker
regions are narrow. This is exactly opposite to the
corresponding effect in Experiment 2B, in which
coherence was greater for the 2570White condition.
Discussion
Experiment 3 was conducted to determine if the large
differencesin coherenceseen in Experiment2B could be
explained in terms of the duty cycles of the plaid
corqponents.This was not the case. A duty cycle effect
wa~seenbut it was oppositein directionand considerably
les~ pronounced than that seen in the conditions of
Ex~riment 2B involving5 c/deg carriers. It appears that
differences in line length between the 25% and 75%
conditions of Experiment 2B are responsible for the
differences in coherence.
EXPERIMENT4: SUPERIMPOSEDSUBJECTIVE
CONTOURS
Experiment 4 examined further conditions under
which two subjective contour gratings might fuse to
forqrta coherent percept. Experiment 2A, condition 2
sho@ed that plaids comprising subjective contours
mo~ing in directions that differed by 45 deg did not
integrate to elicit coherent motion. In this experiment
“plaids”were formed from two superimposedsubjective
contourgratingsthat were identical in all respects, except
for the orientations of their carriers and their relative
phases. Figure 16 provides an example of the construc-
tion process. The displays were animated as in Experi-
ment 2 and, as before, motion was in a direction parallel
to the lines of the carrier grating. The speed of the
terminator motion was fixed at 1 deg/sec. At this speed
illusorycontour-motionwas rarely seen in Experiment 1.
The horizontal subjective gratings had a spatial
frequency of 0.5 cldeg and duty cycles of the either
25/75 or 50/50. The subjective gratings were phase
shiftedby O,1, 2, 4, 8 or 15 pixelsverticallywith respect
to each other. These phase shifts corresponded to 0.0,
0.033,0.067,0.133,0.267 and 0.5 deg of visual angle. In
total there were 36 different display conditions;3 carrier
frequencies (5.0, 2.5 and 1.2 c/deg)x 2 duty cycles (25/
75 and 50/50)and 6 subjectivecontourphase shifts (O,1,
2,4, 8 and 15 pixels).
Method
Subjects and apparatus. The two authors and three
psychology graduate students served as subjects. The
graduate students were familiar with the procedure but
had not been previouslyexposed to the stimuliused here.
All subjects reported normal or corrected to normal
vision. The apparatus was exactly the same as in
Experiments 1 and 2.
Procedure.The procedurewas the same as that used in
Experiments 1–3. Subjects indicated, by pressing pre-
determinedkeys,whether their dominantperceptwas of a
single grating moving downwards, or of two gratings
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FIGURE 16. Constructionof the stimuli used in Experiment4. The carrier gratingswere left and right obliques that varied in
frequencyfrom 1.2,2.5 to 5 c/deg as in Experiment1. Bothsubjectivecontourswere orientedhorizontally.The first row shows
the construction process for two subjective contours that are phase aligned. The second row shows the same process for
subjective contours that are offset by a quarter cycle. The dark horizontal lines that connect the two componentsare used to
indicate the two different phase alignments.Movementwas created by movingthe carrier gratings at a speed of 1 deg/sec in a
direction parallel to their orientations.In this figurethe subjective contourshad 25/75duty cycles. Correspondingstimuli were
constructedfrom subjective contours having 50/50 duty cycles.
sliding over each other. Examples of the displays were
presentedprior to the experimentproper and subjectshad
no difficultymakingthisbinary classification.Each of the
36 stimuli were presented four times in a random order
for a total of 4 x 15 =60 sec of respondingper display.
Results
The dependent measure [C/(C+ Z)] represented the
proportion of time that the stimulus was seen to move
coherently downward (C) vs the total time seen moving
either downward or sliding incoherently(Z).Three points
are clear in the results which are summarized in Fig. 17.
First, when the two subjective contours were exactly
aligned subjects almost always reported seeing coherent
downward motion. That is, contrary to the results of
Experiment 2A, two moving subjective contours inte-
grated to yield coherent downward motion. Second, as
the phase shift between the two subjective contours
increased, there was a systematic decrease in the
tendency to see coherent motion. Finally, there was an
effect of carrier spatial frequency, such that low spatial
frequencies were less likely to yield a percept of
coherence than the high frequency carriers. There is
relatively little effect of duty cycle.
Discussion
The results of Experiment 4 indicate that two
horizontal subjective contours—whose component ter-
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FIGURE 17. Results of Experiment 4: summary of the carrier
frequencyby phase shift interactionfor the two dutycycles. Triangles,
open circles and filled circles represent carrier frequencies of 5.0, 2.5
and 1.2c/deg, respectively.Coherencedecreases with increased phase
shifts and decreases with carrier spatial frequency.
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minators drift in directions differing by 90 deg-can be
integrated to produce coherent motion if the phase offset
between the subjective gratings is sufficientlysmall and
if the carrier frequency is sufficientlyhigh (Fig. 17).The
phenomenology of the coherent gratings was very
distinct. Under the conditions of Odeg phase shift with
the 5 and 2.5 cldeg carrier gratings, it was impossibleto
see the display as consistingof two gratings slidingover
top of each other. Clearly, mechanismsexist to integrate
the spatially and temporally coincident signals arising
from the subjective contours, The spatial region of
integration must be relatively narrow, however, because
phase shifts of 8 pixels ( = 0.267 deg or 13% of a cycle)
were sufficient to eliminate virtually all coherence. It is
also clear, once again, that it is easier to see the illusory
contour-motion when the terminators terminate lines in
high frequency carriers. This could indicate a reduced
salience of terminators in the high frequency carriers or
the limited spatial extent of second-layerfilters.
GENERALDISCUSSION.
In Part I, it was shownthat illusorycontour-motionwas
most likely to be reported when the vertical contours
were (i) formed in high frequencycarriers; (ii) definedby
fast moving terminators; and (iii) when no short line
segments were present in the display. A model was
developed to show that these results could be explained
by two competing mechanisms, one that signals the
illusory contour-motion and another that signals the
veridical terminator motion. In Part II, it was shown that
subjectivecontourplaids generallydo not integratein the
same way as their luminance domain counterparts. The
main exception to this rule occurs when the two
subjective contours have the same orientation and are
closely phase aligned. Integration becomes possible in
other situations when short line segments are removed
from the display. This observation is consistentwith the
results of Part I ,and will be examined in more detail
below.
Gratings
The results of Experiment 1 relate most directly to the
work of Wilson & Mast (1993) and Lorenceau et al.
(1993). The stimuli of Wilson and Mast were much like
thoseof Experiment 1, except that subjectivecontours(or
texture edges) were formed by phase shifting square
wave gratings rather than fine line carriers. Overall, their
results are in general agreement with ours, inasmuch as
illusory contour-motion can be explained by the opera-
tion of second-layerfiltersthat respond to discontinuities
in the non-linearly transformed outputs of first-layer
filters.
There are some discrepancies,however.Over the range
of 2.6-13 c/deg Wilson & Mast (1993) found no change
in the tendency to see illusory contour-motion,whereas
in Experiment 1 (as well as Experiments2 and 4) carrier
spatial frequency strongly influenced the illusion. It is
possible that the internal representation of aligned
terminators is not identical to phase shifts in a square-
wave grating, in spite of the fact that similarmechanisms
have been proposedto encodeboth. We applieda version
of the Wilson & Mast (1993) (see also Wilson et al.,
19912)second filter to our stimuli and were unable to
obtdinan acceptablefit to the data. Their model appliesa
symmetric orientation selective filter to the squared
responses of the first-layerfilters. Because of the filter’s
symmetry,it alwaysyieldsa strongerresponseto the 75%
and!25$%White contoursthan to the subjectivecontours.
Ou~interpretationof the resultsof Experiment 1 suggests
b
that the subjective contour and 7570 White conditions
sho ld elicit similar responses from the second-layer
$
filt r. The relationshipbetween the two types of stimuli
shol ld be furtherexaminedto determineif the perception
of both can be explained by a common mechanism.
Experiment.1 showed terminator speed has a strong
effect on the tendency to see illusory motion, whereas
Wi$on & Mast (1993) found variable results over the
sa~e range of speeds; one of their subjects showed
1inc ‘easingbias with increases in speed, consistent with
ourlresults,whereas another showed a constantbias at all
spekds.As can be seen from the error bars in Fig. 5, our
subjects were in complete agreement that the slowest
terminator speeds produce no illusory motion in the
subjectivecontourcondition.Collectionof further data in
the Wilson and Mast paradigm might show their second
subject to be atypical.
A reasonable explanation for the speed dependence
found in Experiment 1 is that the second-layerfilters are
more sensitive to faster speeds than those encoding
terminator speed, because the second-layerfilters have a
larger spatial extent. On the assumption that the spatial
offset between two filters-whose outputs are combined
to yield direction selectivity—is proportional to their
siztk, then it is natural that the second-Iayerfiltersshould
be tuned to faster speeds; i.e., greater displacementsper
unit time.
Lorenceau & Shiffrar (1992) studied the effects of
terminator motion on the integration of contour motion
signals across space and found that in many conditions
terminator motions interfered with contour integration.
Manipulations which tended to obscure the terminator
motions (e.g., by making them noisy or reducing their
coqtrasts) led to improved integration. Imrenceau et al.
(1?93) also showed that contrast affects the salience of
terminator motion. Lorenceau and Shiffrar make an
important distinction between the accuracy of the
velocity information conveyed by line endings and the
salience of this information. As contrast decreases, the
terminator motions become less salient and less dis-
ruptive to integration, however, the accuracies of the
velocity signals generated by the terminators are not
ne~essarilydisrupted,they are just less salient. The same
distinctionapplies in the present results. The salience of
the responses to terminators may be affected by the
camierspeed and spatialfrequencybut this doesnot mean
that the accuracy of the internal representation of
terminator speed is similarly affected.
The idea that translating terminators are important
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FIGURE 18. One account of the phase shift effect of Experiment4 is illustrated. The first three rows in the figurereplicate the
processingstages outlinedin Fig.-2;the INPUTimage is convolvedwith a set of orientationselective filters an~ENDSTOPPED
responses are computedwithin each of these convolutionoutputs.To each endstoppedimage is applied a vertical SECOND
LAYERfilter. The rectified responses(R+) of these second-layerfilters are combinedadditively(COMBINATION).When the
loci of the phase shifts are coincident, as in the left panel, the combinedresponsesare greater than the individualsecond-layer
responses and hence may compete more effectively with the double-endstoppedresponses (not shown). When the loci of the
phase shifts are not coincidentno such advantage accrues to the second-layerresponses.
stimuli for the visual system is supported by physiolo-
gical recordings made by Albright (1984) in macaque
area MT. Albrightfound that 29?Z0of MT neuronsshowed
a preference for motionsthatwere approximatelyparallel
to the orientation of a moving slit. That is, these
mechanisms responded to the direction of terminator
motion. Albright’s moving stimuli were substantially
larger than ours, however; the narrowest bars were
0.25 deg wide. It would be of interest to know if lower
visual areas such as VI or V2 contain cells, tuned to
narrower bar widths, that respond in a similar way to the
motions of terminators.
A very recent report by Soriano et al. (1996) contains
psychophysicaldata that are generallyconsistentwith our
own and those of von der Heydt & Peterhans (1989).
Soriano et al. found that the rated strength of a static
subjectivecontour (definedby a 180 deg phase shift in a
fine-line carrier grating) was greatest when the termi-
nated lines were about 6 deg in length. The reported
strengthof the “abuttinggrating” illusiondeclined as the
terminated lines were shortened. Furthermore, the
strengthof the illusionincreased as the inter-linespacing
in the carrier decreased; that is, as the carrier frequency
increased.Therefore, the stimulusparametersthat control
performance in our task have the same effects in the
rating task.
Intrinsic terminatorsand occlusion
Our interpretationof the present resultsmaybe related
to the distinctiondrawn by Shimojoet al. (1989)between
intrinsic and extrinsic terminators. We had mentioned
earlier that terminatorscan arise from occlusion relation-
ships. In this case, the terminatorsare not intrinsic to the
occluded surface, rather, they arise because oriented
structures on a surface are occluded by another surface
that lies between it and the observer. Such terminators
may be called extrinsic terminators. On the other hand,
image terminators representing the projection of termi-
ILLUSORYCONTOUR-MOTIONARISING FROM TRANSLATINGTERMINATORS 1023
nators on the imaged surface could be called intrinsic
because they are actual surface events.The image motion
of intrinsic terminators is a result of the motion of the
surface of which they are a part. In contrast,the motionof
extrinsic terminatorswould be the result of the combined
motions of the occluding and occluded surfaces.
One interpretationof our model is that the second-layer
filter, which responds to aligned terminations, signals
occlusion edges and the double endstoppedmechanisms
signal the presence of discrete surface markings. In this
way, the second-layer filter would signal extrinsic
terminations and the double endstopped mechanisms
would signal intrinsic terminations.When both of these
mechanisms are engaged by the same stimuli, they have
to compete with each other. Experiment 1 illustrateshow
the relative salienceof these two computationsis affected
by changes in terminator speed, line length and carrier
spatial frequency.
It is interesting to note that subjects reported different
perceptual interpretations of the 75% White and 25%
White conditionsof Experiment1.When illusorycontour
motion was reported in the 2590 White condition, the
percept was of white bars moving over a stationary
background, consistent with the notion of an occlusion
boundary. In the 75% White condition, the white region
appeared as the background over which the narrow bars
moved.
Plaids
The clearest example of motion integration involving
subjectivecontourswas shown in Experiment4, in which
subjective contours having the same orientation but
orthogonal carriers were found to integrate when
perfectly phase aligned. This result suggests that the
responses of second-layer filters having similar orienta-
tion preferences but different endstopped inputs are
combined so that spatially coincident responses increase
the salience of the translatingcontour.As the phase shift
between the contours increases, the responses of the
second-layer filters would no longer be coincident and
would lose their advantage over the responses to the
terminators.From a functionalpoint of view this kind of
combination makes sense. If second-layer filters are
really coincidence detectors that participate in the
extraction of occlusion boundaries, then they should not
be specific to the orientationof the microstructureof the
occluded surface. In other words, because the orientation
of the occlusion edge would generallybe independentof
the orientation of the microstructure on the occluded
surface, the responses of many second-layer filters
contribute evidence for the existence of an occlusion
and should, therefore, be combined.
In the model developed above, the responses of the
second-layer filters increased with carrier spatial fre-
quency relative to the doubleendstoppedresponsesto the
terminators. A modified version of the model, that
includesa combinationof second-layerresponses,would
therefore predict that the tendency for two subjective
contours to cohere should be positively correlated with
carrier frequency.In Experiment4 it was found that high
frequency carriers were more resistant than low
frequencycarriers to the disruptiveeffects of phase shifts
on coherence. Therefore, the model developed above,
augmented to include the combination of second-layer
filter responses,would seem to provide a very plausible
account of the results of Experiment 4; see Fig. 18.
It seems that the integration of second-layer filter
responsesis quitevulnerableto the presence of short line
segments. Integration occurred in Experiment 2 only
when the short line segmentswere absent. These results
parallel those of Experiment 1, in which the presence of
the same short lines made the subjective gratings and
75% White gratingsmuch less likely to produce illusory
rightward motion than in the 25Y0White condition.
The finding that coherence increases with carrier
spatial frequency in the 25!Z0condition of Experiment
2B is also consistent with the idea that the relative
salience of contour motion increases with carrier
frequency. Unfortunately, the 2.5 c/deg carrier in the
25Y0conditionshowed a dependenceon speed that is not
well explained in our model. Rather than showing a
greater tendency towards coherence as speed increases,
the tendencyis reduced. It is difficultto offer a principled
explanationof this effect and it remainsa point for further
research.
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